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ABSTRACT
We present the results of a search for the nature of ultraluminous X-ray source (ULX)
X-3 in the nearby galaxy NGC 4258. We use archival data from XMM-Newton, Chan-
dra, NuSTAR and HST observations. Total X-ray data analysed to find the model
parameters of the system is indicative of a stellar mass black hole, ∼ 10 M, as the
central compact object. Furthermore, analyses of the optical data from HST reveal two
optical candidates with the 90 per cent confidence level of error radius of 0.′′28. As-
suming the optical emission is dominated by the donor star, both of these candidates
are found to have spectral types that lie between B3−F1 with absolute magnitudes of
MV ≈ -6.4. Moreover, the age and mass estimates for the candidates are found to be
of 10 and 18 Myr and of 13 and 20 M, respectively.
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1 INTRODUCTION
Ultraluminous X-ray sources (ULXs) are off-nuclear point
sources in a number of external galaxies. The X-ray lumi-
nosity of such a source is usually LX ∼ 1039 erg s−1, exceed-
ing the Eddington limit for a typical 10 M stellar-remnant
black hole (see the review by Kaaret et al. 2017). Models
of ULXs proposed to explain the high luminosities of ULXs
require that a central accretor in the form of a black hole
should exist as a driving engine. This proposed picture rep-
resent sources that may be either a stellar or an interme-
diate mass black hole. If a ULX hosts a stellar mass black
hole (sMBH), the high luminosity is generated by super-
Eddington accretion onto the stellar mass accretor (Pouta-
nen et al. 2013; Sutton et al. 2013; Motch et al. 2014; Fab-
rika et al. 2015). However, if a ULX hosts an intermediate
mass black hole (IMBH), the high luminosity could then
be explained by sub-Eddington accretion onto such sources
(Miller & Colbert 2004; Farrell et al. 2009; Mezcua et al.
2015).
? E-mail:aakyuz@cu.edu.tr
However, recent discoveries proved that some ULXs do
show coherent pulsations and they are classified as pulsat-
ing ULXs (PULXs). In this case, the luminosity is generated
from a super-Eddington accretion onto a magnetized neu-
tron star orbiting a stellar companion (Bachetti et al. 2014;
Israel et al. 2017a; Fu¨rst et al. 2016; Israel et al. 2017b;
Carpano et al. 2018; Sathyaprakash et al. 2019; Rodr´ıguez
Castillo et al. 2019). Hence, the debate is continuing about
the type of the dominant ULX accretor (King & Lasota 2016;
Wiktorowicz et al. 2017).
Based on the high quality XMM-Newton and Chandra
data, it became clear that the observed X-ray spectra of
ULXs are different from those of Galactic black hole bina-
ries (BHBs). The majority of ULX spectra revealed a cur-
vature that is described by a cut-off usually at ∼ 3-7 keV,
and mostly accompanied by a soft excess. The curvature
is often interpreted either as an effect of a cold optically
thick corona or emission from the inner regions of a geomet-
rically thick accretion disk (Stobbart et al. 2006; Roberts
2007; Gladstone et al. 2009). These spectral features sug-
gest a new ultraluminous accretion state for ULXs where
super-Eddington accretion flows onto a black hole or as re-
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cent pulsating ULXs show, onto a neutron star. Broad-band
NuSTAR observations have clarified that the curvature of
the spectra of ULXs have a high energy cutoff extending
above 10 keV. On the other hand, for the galactic BHBs, this
spectral cutoff typically exceeds ∼60 keV. (Bachetti et al.
2013; Luangtip et al. 2016; Pintore et al. 2017; Fu¨rst et al.
2017).
Optical studies of ULXs also have important implica-
tions for understanding the nature of these sources and their
environments. Especially, the optical identification of coun-
terparts may give us valuable information on the mass and
spectral type of the companion star and the origin of the
optical emission. This emission is thought to originate ei-
ther from the accretion disk by a reprocessing of X-rays in
the outer disk regions and/or from the companion star. So
far, single or multiple optical counterparts were identified for
about 30 ULXs using ground-based telescopes and Hubble
Space Telescope (HST) (Soria et al. 2005; Tao et al. 2011;
Grise´ et al. 2011, 2012; Gladstone et al. 2013; Avdan et al.
2016a, 2019; Aksaker et al. 2019).
Spectra of optical counterparts usually allow us to con-
struct radial velocity curves. However, optical spectra of
ULXs generally lack traceable absorption lines (most likely
due to their faintness (mV ≥ 21)), or have high-energy emis-
sion lines like HeII 4686 that do not seem to trace any clear
orbital movement. Even in the case of P13 with absorption
lines from the companion star are visible, they do not trace
any orbital movement in the system. They are most likely
due to X-ray (uneven) heating of the donor star (Motch et al.
2014).
The absolute magnitudes and color indices of optical
counterparts are found to lie in the intervals MV = −3 to
−8 and B−V = −6 to +0.4, respectively. ULX systems, most
probably, contain OB supergiant donors. The blue color ob-
served is thought to arise from the X-ray reprocessing in the
accretion disk or from the donor star, or both (Patruno &
Zampieri 2010; Jonker et al. 2012; Vinokurov et al. 2018).
However, some ULXs do contain red supergiant companions
in the near-infrared band (Heida et al. 2014, 2016; Lo´pez
et al. 2017).
Most of ULXs are found to be located inside star form-
ing regions and a few of them are reported to be powering
the surrounding nebula by their radiation and/or outflows
(Pakull & Mirioni 2003; Abolmasov et al. 2007; Kaaret et al.
2017). There are also, many ULXs which are associated with
young (5−20 Myr) star clusters helping to understand some
of their subtle properties (Soria et al. 2005; Grise´ et al. 2011;
Poutanen et al. 2013; Avdan et al. 2016a,b).
In the present study, we searched for the X-ray spectral
and temporal properties and also optical counterpart(s) of
the ULX X-3 (hereafter X-3) in NGC 4258 using archival
XMM-Newton, Chandra, NuSTAR and HST observations.
This source is identified as a ULX with an X-ray luminos-
ity of Lx=5.3 × 1039 erg s−1 by Swartz et al. (2011). NGC
4258 is classified as a Seyfert-type spiral galaxy at a distance
7.7 Mpc (de Vaucouleurs et al. 1991). Our target source in
NGC 4258 appears as a bright point-like source in the X-
ray images. The source is located at the south of an arm at
R.A.=12h 18m 57s .8, Dec.=+ 47◦ 16′ 07′′ and 2.′1 away from
the galaxy center. The true color HST image of NGC 4258
is given in Fig. 1 and the ULX is marked by lines.
The present introduction will be followed by description
of observations and details of data analysis in Section 2. The
discussion and conclusions of X-ray spectral analysis and
optical properties of the X-3 are presented in Section 3.
2 OBSERVATIONS AND ANALYSIS RESULTS
2.1 X-ray Observations
The source X-3 was observed by XMM-Newton, Chandra
and NuSTAR satellites several times. The observations used
in this study are listed in Table 1.
The XMM-Newton data were analysed with standard
Science Analysis Software (sas, v16.0.0) with well defined
analysis steps. The events corresponding to single-double
pixel (PATTERN ≤12) and single-multiple (PATTERN ≤4)
with FLAG = 0 were selected for EPIC MOS and PN cam-
eras, respectively. The source and background spectra were
extracted using 15′′ circular regions with evselect task in
sas. Only XM7 data was affected by the background flaring.
The last 3 ks data were removed from the observation prior
to source and background extractions. Average of net count
rate of the source is 0.06 counts s−1 within the periods of
flaring, while the value is 0.04 counts s−1 outside the flaring
episodes.
The Chandra data reduction was performed with In-
teractive Analysis of Observations (ciao) software (v4.9).
The level 2 event files were obtained using chandra repro
script in ciao. The source X-3 was located on the ACIS-S3
(back-illuminated) chip. The source and background pho-
tons were extracted with specextract task using 5′′ circu-
lar regions.
The NuSTAR data on the other hand, were analysed
using nupipeline tool based on NuSTAR Data Analysis Soft-
ware (NuSTARDAS, v1.7.1) within the heasoft software
and calibration data CALDB version 20191219. The source
and background photons were extracted using 30′′ circular
regions. In NuSTAR data reductions, the background re-
gions were extracted from source free regions close to X-3.
Prior to fitting, the spectrum was grouped to have minimum
of 35 counts per bin.
The X-ray spectral fits were applied to the source spec-
tra to interpret the origin of the X-ray emission and also to
search for any spectral transitional behavior. XMM-Newton
and Chandra spectral fits were performed using the xspec
package (v12.9.1) in the 0.3−10 keV energy band. All spectra
were grouped to have a minimum of 20 counts per bin be-
fore the fitting procedure. XMM-Newton EPIC PN and MOS
data were fitted simultaneously by adding a constant model
for instrumental calibration differences. The best-fit spectra
were then obtained from the power-law (pl) and disk black-
body (diskbb) models, together with two absorption models
(tbabs). One of the absorption models represented the line-
of-sight column density which we kept fixed at the Galactic
value (NH = 0.01×1022 cm−2; Dickey & Lockman 1990) and
the other was left free to account for the intrinsic absorption.
The unabsorbed flux values were calculated using CFLUX
convolution model in the 0.3−10 keV energy band. The lu-
minosity values were obtained by considering the adopted
distance of NGC 4258 (7.7 Mpc). The best-fit model param-
eters for all observations are given in Table 2. The energy
spectra for XM7 and C1 data are given in Fig. 2. To investi-
gate if flux variability occurred during the observations, the
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fitting process was repeated by fixing the intrinsic NH pa-
rameters to the average of the calculated values in the initial
fitting. The calculated model parameters with this method
are also given in Table 2 by denoting “*” and it is noted that
the flux variability between, XMM-Newton observations is
less than a factor of two.
The long-term light curve of the source was constructed
using the available X-ray data (Table 1) to examine the
flux variability. We used flux values obtained from pl model
in 3−10 keV. No significant variability was visible and the
source exhibits 2.8 factor difference between the lowest and
the highest flux values. The long-term light curve of X-3 is
given in Fig. 3
The spectral fitting was also carried out for XMM-
Newton+NuSTAR spectra especially to investigate whether
the cut-off is seen with NuSTAR, or if there is perhaps an ex-
tra component in the high-energy spectrum (Bachetti et al.
2013; Pintore et al. 2017; West et al. 2018; Brightman et al.
2018).
We derived the best fitting single-component model pa-
rameters for X-3 as given in Table 3. A two component spec-
tral fitting was also performed with the long exposure data of
NuSTAR (N2) and XMM-Newton (XM7) in the energy range
0.3−30 keV. The best-fitting parameters for two-component
model are given in Table 4. Although, the dates of the two
data sets are 9 years apart, the fitting were performed based
on the fact that the source does not show significant vari-
ability. A similar fitting process were applied by using NH
parameters as described above. The obtained spectra are
given in Fig. 4.
In order to search for an underlying pulsar (neutron
star), XMM-Newton EPIC PN data were used to perform
timing analyses. The X-ray light curves of X-3 were sampled
at 0.1 s and resultant power density spectra (PDS) were cal-
culated. In addition, X-ray light curves were detrended using
a 2nd degree polynomial to clean the excessive red noise in
lower frequencies in the PDS. The PDS were calculated from
single interval or up to 12 spectra were averaged to produce a
PDS in the 0.3-10 keV band. We have searched for significant
peaks in PDS given a continuum red noise level. Significance
levels were determined by fitting the power spectra with a
two- component model of a Lorentzian and a constant. The
significance is calculated as σ= (Pmax - Pcon)/Perr , where
Pmax is the power of the selected peak in the PDS, Pcon is
the continuum value around the peak and Perr is the error
in the peak value of power (Balman 2010). We did not find
any peak with a significance large than 1.4σ for all PDS we
have analysed. Thus, we cannot confirm any periodicity at
≥3σ confidence level. We note that our time-bin size of 0.1
s sets a lower limit for periods that were searched.
2.2 Astrometry and HST Observations
Identification of the optical candidates of X-3 in the NGC
4258 requires accurate source positions. An intercomparison
of Chandra, HST and SDSS observations were carried out to
obtain improved astrometry. We chose deep Chandra ACIS
observation (ObsID 1618) and HST observation with Ad-
vanced Camera for Surveys (ObsID JB1F89010). The SDSS
(Sloan Digital Sky Survey; Alam et al. 2015) r-band image
was also chosen. The ciao tool wavdetect was used to de-
tect discrete sources on ACIS-S. We selected close, unique,
isolated and bright 4 sources both in Chandra and SDSS im-
ages to be confident in astrometry. These sources seem to be
a group but they are not spatially located on specific parts
of the CCD. In this case, the vignetting effect is not consid-
ered. The matched pairs of objects in the comparisons are
presented in Table 5. The positional uncertainties are given
at 90 per cent confidence level for the Chandra/SDSS refer-
ence sources. The astrometric errors for the Chandra−SDSS
are R.A. 0.′′02 and Dec. 0.′′15 and SDSS−HST comparisons
are R.A. 0.′′63 and Dec. 0.′′04. The final corrections used to
translate the Chandra position of X-3 onto the HST image
are 0.′′65±0.′′33 in R.A. and 0.′′18±0.′′09 in Dec. These com-
parisons give the uncertainties that are a quadratic sum of
the standard deviations. Then the corrected position of X-3
is determined as R.A. = 12h18m57s.90, Dec. = +47◦16′07′′.62
within 90 per cent confidence level of error circle with 0.′′28
radius. A similar calculation was also used by Wang et al.
(2015).
We have analysed archival HST images obtained with
the Advanced Camera for Surveys (ACS) given in Table 6.
The PSF photometry was performed using the ACS mod-
ule in the Dolphot(v2.0, Dolphin 2000). The images were
processed by masking all bad pixels using the acsmask task
and the multi-extension *.fits files were split into single-chip
images using the Splitgroups task before performing photom-
etry. Then, the sky background for each chip was calculated
with the calcsky task. We run dolphot task on both bias and
flat-field corrected *.flt and *.drz images. This task was used
for photometry on the images by taking the F555W drizzled
image as the positional reference in both epochs. The magni-
tudes in the VEGAmag and Johnson system for the possible
optical counterparts are given in Table 7.
After the astrometric correction and photometry, we
checked the position of the X-3 to find its optical candidates.
Two optical candidates were identified within the error ra-
dius of 0.′′28. The corrected position of X-3 on HST/ACS
images together with the optical candidates are shown in
Fig.5. These candidates are labelled as C1 and C2 according
to decreasing Dec. coordinates.
The Galactic extinction along the direction of NGC
4258 is E(B −V) ≈ 0.014 mag (Schlafly & Finkbeiner 2011).
However, there are two extragalactic extinction studies in
the literature. The first study from Kudritzki et al. (2013)
derived the E(B−V)=0.23±0.03 using a blue supergiant star
in the disk of NGC 4258, 48′′ south-east of X-3 (37.8 pc /
1′′). The second study from Macri et al. (2006) gave 281
Cepheid stars with E(B − V) values in the range of 0.01 −
0.44 in the NGC 4258. According to the second study, we
obtained the extragalactic extinction as E(B − V)≈0.17 by
selecting about thirty Cepheids close to X-3 region (≈160′′
north-west). The standard deviation of the extinction from
the Cepheids is calculated as 0.08 mag. These two extra-
galactic extinction values (0.17 and 0.23) were used to de-
termine the spectral type of the optical candidates. Then,
both values yielded compatible results. Therefore, the av-
erage value E(B − V)=0.20 was adopted as extinction value
throughout the paper. The extinction corrected magnitudes
and color values of the optical candidates are given in Table
7. The average standard deviation (0.08) does not affect the
counterparts’ features significantly.
In order to estimate the age and mass of the optical can-
didates, the color-magnitude diagrams (CMDs) of X-3 and
MNRAS 000, 1–6 (2020)
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its environment were obtained. Two CMDs as F555W versus
F435W−F555W and F814W versus F555W−F814W were
derived for optical candidates and the field stars. These stars
within the 25 arcsec2 square region around X-3 is shown in
Fig. 1. The metallicity of NGC 4258 was used as Z=0.011
from Kudritzki et al. (2013) to obtain for the correspond-
ing PARSEC isochrones. In Fig. 6 and Fig. 7, the age and
mass isochrones have been overplotted on the CMDs. The
distance modulus was calculated as 29.4 magnitude using
the adopted distance 7.7 Mpc.
The spectral types of C1 and C2 were estimated us-
ing Spectral Energy Distribution (SED) templates with
the pysynphot 1 using the CK04 standard stellar spectra
(Castelli & Kurucz 2004). The SEDs for C1 and C2 are con-
structed for all flux values which are derived from HST/ACS
magnitudes in Table 7. Synthetic spectra are normalized to
mV = 0 mag. The reduced χ2 of the best fits are 3.93 and
2.26, respectively. The resultant SEDs of the C1 and C2 were
found using the best-fit models given in Fig. 8.
3 DISCUSSION AND CONCLUSIONS
In this study, the archival X-ray data of the X-3 in the
nearby galaxy NGC 4258 were analysed. There are 10 X-
ray observations of the source obtained by XMM-Newton,
Chandra and NuSTAR observatories covering ≈ 15 years.
Also the optical properties of the source were studied with
the HST observations. Two optical candidates were found
within 0.′′28 error radius and they were further examined.
In the spectral analyses of the XMM-Newton and Chan-
dra data, resultant spectral fits obtained show a wide range
of χ2ν values going from 0.7 (which means that the data could
be under-sampled) to 1.8 (which means that the fit is not
a good one). If we consider the application of simple phe-
nomenological models for the obtained spectra of the source,
we note that the diskbb model fits better than the pl model
on a 3σ confidence level for XM5 and XM7 datasets (accord-
ing to F-test). On the other hand, the spectra of XM1 and
XM2 fit with the pl model better at 2-3σ. However, it is not
possible to distinguish these two models for the remaining
datasets; XM3, XM4, XM6 and Ch1.
Using the results from Gladstone et al. (2009), we elab-
orate on some of the spectral characteristics of X-3. The
spectra of XM1 and XM2 are better represented by the pl
model with photon index Γ ∼ (2 − 2.2). These Γ values corre-
spond to hard states defined for Galactic BHBs. Hard state
with low luminosity is seen at sub-Eddington mass accretion
rate. On the other hand, the diskbb model yields acceptable
fits for XM5 and XM7 with the temperature range of kTin
∼ (1.09 − 1.33) keV. These kTin values are compatible with
those of Galactic BHBs at a high mass accretion rate during
the thermal state (Remillard & McClintock 2006). Gener-
ally in Galactic BHBs, luminosities are usually higher in the
thermal state than the hard state. However, we might in-
terpret that X-3 exhibits the opposite behavior since the
source has a high LX when it is in hard state and a low LX
when it is in a thermal state. There are some ULXs that
do show similar behavior: NGC 1313 X-2, Feng & Kaaret
1 https://pysynphot.readthedocs.io/en/latest/
(2006); IC 342 X-1, Marlowe et al. (2014); NGC 4736 X-2,
Avdan et al. (2014). As discussed in several studies, when
the data quality is low and exposure is short, one-component
models should be taken into account statistically. However,
these models do not provide physically sufficient evidence to
interpret the data (Gladstone et al. 2009; Sutton et al. 2013;
Kaaret et al. 2017). Therefore, we combined two continuum
models (pl and diskbb) and fitted all data sets accordingly
to examine the spectral characteristics and classification ac-
cording to the prescription of Sutton et al. (2013). In their
work, an empirical scheme is used to classify ULXs into three
classes due to their spectral morphology, which are a broad-
ened disk, a two-component hard ultraluminous and a two-
component soft ultraluminous classes. When, we apply the
two-component model to available data, we were only able
to obtain physically meaningful parameters for XM7. The
spectrum of XM7 is adequately fitted with the doubly ab-
sorbed (diskbb + pl) spectral model (Γ=0.87 and kTin ∼ 1.21
keV) with a χ2ν ∼ 1.01 as given in Table 2. Due to the very
flat photon index Γ, it is fixed to values between 1.7 and 2
(no acceptable fit outside this range) however, kTin and χ2ν
values were not changed significantly. The best-fit temper-
ature parameter (kTin = 1.21 keV) is > 0.5 keV, based on
the chart in the form of the decision tree in the Figure 2 of
Sutton et al. (2013), the calculated Fpl/Fdisk ratio is found
to be 0.29 (Γ was fixed 1.7 while calculating Fpl) which indi-
cates that the X-3 spectrum can be classified as a“broadened
disk”. They defined that broadened disk class ULX popula-
tion has LX < 3 × 1039 erg s−1 and this is consistent with a
population of stellar mass black hole (M < 20 M) accreting
at just above the Eddington limit. The spectra of this class
are thought to be dominated by the accretion-disk, but due
to the high accretion rate the disk structure modified from
the standard thin disk.
Pulsating ULXs (PULXs) are known to show luminos-
ity variabilities at least a factor of 100 (Rodr´ıguez Castillo
et al. 2019; Israel et al. 2017a,b; Fu¨rst et al. 2016). How-
ever, the source X-3 exhibits a variability usually less than
factor of 3 throughout the observations spanning 15 years.
This may be another clue for a black hole as a compact ac-
cretor rather than a neutron star. Then, by using the diskbb
model’s normalization parameter N = (Rin / D10)
2 × cosθ
(defined by Makishima et al. 2000), the mass of the compact
object in the system can also be estimated. In the formula,
Rin is the inner disk radius in km, D10 is the distance to the
source in units of 10 kpc, and θ is the inclination angle of
the disk. We calculated the mass using the best-fit normal-
ization parameter of diskbb model (Ndisk = 5.5 ± 0.2 × 10−3)
derived for the longest exposure data, XM7. The inner disk
radius was found to be as Rin = 95 km (using the equation
Rin = ξκ2rin where the correction factor ξ = 0.41, spectral
hardening factor κ = 1.7, and rin is the apparent inner disk
radius; see (Shimura & Takahara 1995; Kubota et al. 1998).
Assuming a moderate disk inclination of 60◦, we can calcu-
late the mass of the compact object as ∼10 M indicating a
stellar mass black hole.
We also used the data from NuSTAR observations
(which has the energy range of 3 − 79 keV) for further
understanding of the X-3 system. Although the NuSTAR
observations are not simultaneous with XMM-Newton in
time, due to low variability of X-3 system, the joint analysis
of both data is performed to examine the emission of the
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source in the high energies (>10 keV). The spectral results
using one-component model fits are summarized in Table
3. The models provide slightly better fits with a diskpbb
or a cutoffpl model with a luminosity Lx ∼ 2.7× 1039 erg
s−1. We also investigated whether the spectral fits are im-
proved over that of a one-component model fits by adding
a second component in modelling. We found that derived
Ecut values for one and two component models are in accor-
dance with the findings in the literature (Rana et al. 2015;
Krivonos & Sazonov 2016; Shidatsu et al. 2017; Koliopanos
et al. 2019). The results are given in Table 4. This joint
analysis was constructed to test the differences in spectral
characteristics of ULXs and PULXs as in the study by West
et al. (2018). Diskbb/diskpbb model was used along with ei-
ther a compTT model for a black hole interpretation where
a seed-in temperature from the disk is connected with the
Comptonized plasma in/above the disk or a cutoffpl model
was assumed for a neutron star accretor interpretation where
the emission is from the accretion column. The temperature
parameter of compTT is fixed to 50 keV while applying the
diskpbb+compTT model to the spectra. This temperature is
similar to that seen in Galactic BHBs while they are in clas-
sical accretion states (Gladstone et al. 2009; Bachetti et al.
2013). The p parameters were found to be consistent with
the standard disk model (p ∼ 0.75). In this case, models con-
taining the disk model (with one or two components) may
be more favorable. Nevertheless, these models did not yield
any distinguishable fits considering reduced χ2 values and
null-hypothesis probabilities. In addition, F-test probability
values (∼ 10−5) did not show any significant improvement of
the fits over the one-component models. As a result, NuS-
TAR data jointly analysed with the XMM-Newton data did
not help to elaborate further our ULX model for X-3 which
predicts a black hole as a compact accretor.
Using the usual CMD techniques, the derived mean age
values of the optical candidates C1 and C2 are ≈ 18 Myr and
≈ 10 Myr, respectively as described in section 2.2. Assuming
the optical emission is dominated by the donor star, spectral
types of the possible optical counterparts are found to be A3
− F1 giant for C1, and B3 − B6 main sequence star for C2.
Similarly, the SEDs from stellar templates (CK04) of C1 and
C2 candidates match with spectral types as F0I and B5V,
respectively. Their masses can also be constrained using the
mass isochrones as ≈ 13 M and 20 M, for C1 and C2,
respectively. Both optical candidates of X-3 are young blue
stars with (B − V)0 values in the range of -0.13−0.16.
There is a distinct arm in the region of X-3 where new
star formations seem quite dense as seen from Fig 1. We also
investigate the environment of X-3 within 25 arcsec2 region.
Although, there was no obvious star cluster near the ULX
source, the selected 12 stars with magenta color represent
the bright stars very close to X-3 shown in Fig. 6 and Fig. 7.
These bright stars in the CMDs have young ages of < 40 Myr
and their (B-V) colors are between -0.4 and 0.4 with mV ≈
22.5−25.5 mag. The ages and color values of the candidates
of X-3 and the stars in the selected region seem compatible
with each other.
In order to differentiate the optical candidates from
background AGNs, we obtained their X-ray to optical
flux ratios. We used XM7 and HST/ACS F555W (ObsID
JB1F89010) data sets for these calculation since simulta-
neous observations are not available for these wavelengths.
FX/Fopt values for C1 and C2 were found as 390 and 360,
respectively. On the other hand, ratios for active galactic
nuclei are in the range of 0.1 ≤ (Fx/Fopt )AGN ≤ 10 (Aird
et al. 2010). These ratio values of optical candidates of X-3
are significantly higher than those of AGNs but are compat-
ible with known ULXs: 260 < FX/Fopt < 4200 (Avdan et al.
2016a,b).
We believe the ULX source, X-3 in NGC 4258, will make
use of broadband X-ray spectra obtained at higher sensitiv-
ity and observation sampling to study the source spectra
and its possible spectral variations. Further joint longer ob-
servations using XMM-Newton and NuSTAR may allow us
to constrain the characteristics of the X-ray emission com-
ponents and perform better timing analyses. The ongoing
missions like eROSITA/SRG and the future missions like
Athena can resolve the complexities we have outlined in our
work.
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Table 1. The log of XMM-Newton, Chandra and NuSTAR observations.
Label ObsID Date Exp.
(ks)
XMM-Newton XM1 0110920101 2000-12-08 23.31
XM2 0059140101 2001-05-06 12.70
XM3 0059140201 2001-06-17 13.16
XM4 0059140401 2001-12-17 15.01
XM5 0059140901 2002-05-23 16.51
XM6 0203270201 2004-06-01 48.91
XM7 0400560301 2006-11-18 64.52
Chandra Ch1 700234 2001-05-28 20.94
NuSTAR N1 60101046002 2015-11-16 54.78
N2 60101046004 2016-01-10 103.6
Table 2. Best-fitting spectral parameters for X-3 from the XMM-Newton and Chandra observations. The errors are at 90
per cent for each parameter.
No. NH Γ
a Γ* kTin b kTin* χ2ν (dof)
c χ2ν* (dof) LX
d LX*
- (1022 cm−2) - (keV) (keV) - (1039 erg s−1) (1039 erg s−1)
tbabs × pl
XM1 0.39+0.04−0.04 2.15
+0.14
−0.14 2.43
+0.16
−0.16 - - 1.24 (35) 1.29 (38) 1.83
+0.17
−0.17 2.31
+0.17
−0.17
XM2 0.55+0.07−0.06 2.27
+0.15
−0.15 2.23
+0.16
−0.15 - - 1.36 (24) 1.39 (27) 4.19
+0.47
−0.47 3.52
+0.47
−0.47
Ch1 0.60+0.05−0.05 2.00
+0.12
−0.12 1.86
+0.12
−0.11 - - 0.72 (34) 0.74 (35) 5.38
+0.32
−0.31 4.93
+0.32
−0.31
XM3 0.40+0.06−0.05 2.20
+0.15
−0.15 2.39
+0.17
−0.16 - - 0.79 (27) 0.91 (30) 2.38
+0.25
−0.26 3.07
+0.25
−0.26
XM4 0.65+0.09−0.07 2.21
+0.18
−0.17 1.99
+0.17
−0.16 - - 0.92 (73) 0.92 (76) 5.20
+0.62
−0.63 4.17
+0.62
−0.63
XM5 0.61+0.07−0.06 2.04
+0.12
−0.11 1.93
+0.11
−0.11 - - 1.62 (47) 1.55 (50) 3.53
+0.30
−0.30 3.32
+0.30
−0.30
XM6 0.36+0.04−0.04 2.22
+0.16
−0.15 2.56
+0.19
−0.18 - - 0.71 (57) 0.84 (60) 1.87
+0.19
−0.19 2.73
+0.19
−0.19
XM7 0.53+0.02−0.02 2.15
+0.05
−0.05 2.13
+0.05
−0.05 - - 1.27 (229) 1.27 (232) 3.92
+0.14
−0.14 3.90
+0.14
−0.14
tbabs × diskbb
XM1 0.16+0.04−0.03 - - 1.12
+0.12
−0.10 1.00
+0.14
−0.11 1.81 (35) 1.78 (38) 0.97
+0.09
−0.09 1.01
+0.09
−0.09
XM2 0.22+0.07−0.05 - - 1.16
+0.14
−0.12 1.15
+0.15
−0.13 1.52 (24) 1.53 (27) 2.02
+0.23
−0.23 1.80
+0.23
−0.23
Ch1 0.32+0.05−0.04 - - 1.34
+0.11
−0.10 1.50
+0.18
−0.15 0.70 (34) 0.79 (35) 3.14
+0.18
−0.18 3.04
+0.18
−0.18
XM3 0.10+0.06−0.05 - - 1.18
+0.13
−0.11 1.03
+0.14
−0.12 0.94 (27) 1.18 (30) 1.22
+0.13
−0.13 1.42
+0.13
−0.13
XM4 0.33+0.08−0.06 - - 1.16
+0.15
−0.13 1.32
+0.22
−0.18 0.91 (73) 0.92 (76) 2.64
+0.31
−0.32 2.39
+0.31
−0.32
XM5 0.29+0.06−0.05 - - 1.33
+0.12
−0.10 1.42
+0.15
−0.13 1.26 (47) 1.22 (50) 2.04
+0.17
−0.17 2.02
+0.17
−0.17
XM6 0.13+0.04−0.03 - - 1.09
+0.12
−0.10 0.94
+0.14
−0.12 0.78 (57) 0.92 (60) 0.98
+0.10
−0.10 1.13
+0.10
−0.10
XM7 0.25+0.02−0.02 - - 1.29
+0.05
−0.04 1.33
+0.05
−0.05 1.02 (229) 1.03 (232) 2.24
+0.08
−0.08 2.23
+0.08
−0.08
tbabs × (po+diskbb)
XM7** 0.25+0.02−0.02 0.87
+0.37
−0.22 – 1.21
+0.01
−0.01 – 1.02 (228) – 2.23
+0.01
−0.01 –
* These values were calculated using a fixed NH value as 0.51 × 1022 cm−2 for the pl and 0.22 × 1022 cm−2 for the diskbb
models.
** Normalization parameters are 1.76 × 10−6 photon/keV/cm2/s at 1 keV for pl model and 6.58 × 10−3 [(rin km−1)/(D/10
kpc)]2 ×cosi for diskbb model.
a photon index of the pl component
b inner disk temperature
c reduced χ2ν
d Unabsorbed luminosity values were calculated using a distance of 7.7 Mpc at 0.3−10 keV energy range.
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Table 3. Spectral parameters obtained with one-component model fits for X-3 in the XMM-Newton+NuSTAR (N2)
model NH Γ kTin /kTe a Ecut b p c τ d χ2/dof LX (10
39)
(1022) cm−2 keV keV erg s−1
pl 0.58+0.02−0.02 2.27
+0.04
−0.03 - - - - 300.18/232 (1.29) 4.67
diskbb 0.25+0.02−0.01 - 1.31
+0.01
−0.01 - - - 260.10/232 (1.12) 2.29
diskpbb 0.37+0.02−0.02 - 1.60
+0.01
−0.01 - 0.58
+0.004
−0.003 - 251.75/231 (1.09) 2.78
compTT 0.57+0.02−0.02 53.44
+0.88
−0.89 - - 0.34
+0.01
−0.01 296.58/230 (1.29) 3.77
cutoffpl 0.33+0.02−0.02 0.84
+0.04
−0.03 - 2.49
+0.08
−0.08 - - 248.26/231 (1.07) 2.62
a electron temperature of the corona
b e-folding energy of the cutoffpl model
c exponent of the radial dependence of the disk temperature
d optical depth of the corona
Table 4. Spectral parameters obtained with two-component model fits for X-3 in the XMM-Newton (XM7)+NuSTAR
(N2)
Parameter unit diskbb+compTT diskbb+cutoffpl diskpbb+compTT diskpbb+cutoffpl
NH 1022 cm−2 0.31+0.02−0.02 0.28
+0.02
−0.02 0.29
+0.02
−0.02 0.28
+0.02
−0.02
kTin keV 1.15+0.01−0.01 1.12
+0.01
−0.01 1.15
+0.01
−0.01 1.12
+0.01
−0.01
p – – 0.75+0.01−0.01 0.75
+0.01
−0.01
Na 10−3 6.93+0.32−0.32 8.09
+0.34
−0.33 60.7
+3.20
−3.22 8.37
+0.35
−0.35
kTe keV 45.00+3.45−3.46 – 50
τ 1.17+0.19−0.16 – 0.95
+0.31
−0.22 –
Γ – 0.98+0.11−0.09 – 1.04
+0.11
−0.09
Ecut keV – 15.39+7.92−4.56 – 16.14
+8.80
−4.88
Nb 10−6 2.05+0.29−0.29 6.11
+1.15
−1.12 0.8
+0.1
−0.1 6.87
+1.25
−1.21
χ2/dof 1.04 (236.39/228) 1.03 (235.72/229) 1.03 (236.29/228) 1.03 (235.76/228)
Null P 0.34 0.45 0.39 0.27
LX
c 1039 erg s−1 1.69+0.01−0.02 2.58
+0.01
−0.01 2.33
+0.01
−0.01 2.78
+0.01
−0.02
a Normalization parameters of diskbb and diskpbb models. N=[(rin km
−1)/(D/10 kpc)]2 ×cosi.
b Normalization parameters of compTT and cutoffpl model in units of photon/keV/cm2/s at 1 keV.
c Luminosity values were calculated at 0.3−30 keV energy range.
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Table 5. Coordinates and their uncertainties of the X-Ray/Optical reference sources and ULXs.
Chandra ACIS X-ray sources (ObsID 1618) identified in SDSS observation (band r)
Chandra R.A. Chandra Dec. SDSS R.A. SDSS Dec. Position Uncertainty (′′)a Counts b
12:18:49.488 +47:16:46.56 12:18:49.478 +47:16:46.47 0.166 140
12:18:59.335 +47:18:20.59 12:18:59.388 +47:18:20.45 0.807 11
12:18:56.165 +47:18:58.43 12:18:56.119 +47:18:58.14 0.736 13
12:18:57.506 +47:18:14.47 12:18:57.504 +47:18:14.38 0.095 2900
SDSS sources (r band) identified in HST ACS/WFC/F555W observation of JB1F89010
SDSS R.A. SDSS Dec. HST R.A. HST Dec.
12:18:55.032 +47:15:53.57 12:18:55.075 +47:15:53.63 0.651 –
12:18:57.528 +47:15:30.28 12:18:57.578 +47:15:30.46 0.741 –
12:18:55.838 +47:15:34.23 12:18:55.874 +47:15:34.34 0.551 –
12:18:54.110 +47:15:37.83 12:18:54.149 +47:15:37.92 0.579 –
12:18:53.750 +47:15:57.80 12:18:53.806 +47:15:57.77 0.828 –
12:18:54.751 +47:14:43.04 12:18:54.806 +47:14:43.19 0.841 –
12:18:56.244 +47:14:51.12 12:18:56.268 +47:14:50.85 0.454 –
12:18:52.056 +47:16:53.13 12:18:52.094 +47:16:53.18 0.578 –
Corrected X-3 coordinate on SDSS and HST image
SDSS R.A. SDSS Dec. HST R.A. HST Dec.
12:18:57.859 +47:16:07.44 12:18:57.902 +47:16:07.62
a The uncertainties are given at 90 per cent confidence level of the Chandra/SDSS reference sources.
b The background subtracted counts were calculated in the 0.3-10 keV using xspec.
Table 6. The log of HST/ACS observations.
Filter ObsID Date Exp.
(ks)
ACS/F606W j96h39020 2005-03-13 1.01
ACS/F435W jb1f98q8q 2009-12-03 0.36
ACS/F555W jb1f98010 2009-12-03 0.98
ACS/F814W jb1f98q5q 2009-12-03 0.38
ACS/F435W jb1f89eoq 2009-12-14 0.36
ACS/F555W jb1f89010 2009-12-14 0.98
ACS/F814W jb1f89elq 2009-12-14 0.38
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Table 7. The dereddened magnitude and color values of optical candidates of X-3 obtained from HST/ACS data. The F435W, F555W
and F814W filter correspond to B, V, I in johnson BVI system, respectively.
Date Filter VEGAmag Johnson Mag
1 2 1 2
2005-03-13 F606W 23.22 ± 0.02 23.26 ± 0.02 - -
F435W 23.09 ± 0.04 22.97 ± 0.03 23.13 ± 0.04 23.02 ± 0.03
2009-12-03 F555W 23.07 ± 0.03 23.03 ± 0.03 23.02 ± 0.03 23.00 ± 0.03
F814W 22.74 ± 0.03 23.16 ± 0.04 22.73 ± 0.03 23.15 ± 0.04
(B −V )0 0.11 0.02
MV -6.41 -6.43
F435W 23.15 ± 0.04 22.90 ± 0.03 23.17 ± 0.04 22.96 ± 0.03
2009-12-14 F555W 23.06 ± 0.03 23.11 ± 0.03 23.01 ± 0.03 23.09 ± 0.03
F814W 22.71 ± 0.03 23.31 ± 0.04 22.70 ± 0.03 23.30 ± 0.04
(B −V )0 0.16 -0.13
MV -6.42 -6.34
Figure 1. The HST/ACS true color image of galaxy NGC 4258. Red, green and blue color represent F814W, F555W and F435W filters,
respectively. X-3 position is marked with white bars. In the zoomed image, the 5′′× 5′′white box contains X-3 and field stars.
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Figure 2. Energy spectra of X-3 obtained using XM7 (left) and C1 (right) data. In XMM-Newton spectrum the black, green and red
data points represent EPIC PN, MOS1 and MOS2, respectively. The XMM-Newton and Chandra spectra were fitted with diskbb model.
Residuals of the fitting process are shown in the bottom panels.
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Figure 3. Long-term light curve of X-3 obtained using all X-
ray data. Circles (green), triangles (red) and squares (blue) rep-
resent XMM-Newton, Chandra and NuSTAR data, respectively.
The fluxes were calculated between 3−10 keV energy range.
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Figure 4. XMM-Newton+NuSTAR fitted spectra of X-3 in the 0.3−30 keV range. Black, red, green and blue crosses are the EPIC PN,
MOS1, MOS2 and NuSTAR (FPMA+FPMB) data, respectively. The spectrum was fitted with diskbb+compTT model. Residual to the
diskbb+compTT model is shown in the bottom panel.
Figure 5. The HST/ACS images of the X-3 in three filters; F814W, F555W and F435W (from left to right). The dashed red circles
represent the corrected position of X-3 with an accuracy of 0.′′28 error radius. Two optical candidates (C1 and C2) are shown within the
error circle on F555W image. There is a cosmic ray within the error circle on F814W image.
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Figure 6. The HST/ACS color−magnitude diagrams (CMDs) for optical candidates and field stars around the X-3. Padova isochrones
of different ages are overplotted. The blue and red dots represent optical candidates C1 and C2, respectively. The black and magenta
dots represent field stars within the 25 arcsec2 square region around the X-3 and nearby stars, respectively. These isochrones have been
corrected for extinction of AV = 0.62 mag and the black arrows shows the reddening line.
Figure 7. The HST/ACS CMDs for optical candidates and field star around the X-3. Padova isochrones of different masses are over-
plotted. Definitions are the same as in Fig. 6.
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Figure 8. The SEDs of optical candidates C1 and C2. The blue
and red lines represent the synthetic spectra derived with metal-
licity of Z = 0.011 and extinction of AV = 0.62 mag for F0I and
B5V, respectively. The blue and red circles represent flux values
of candidates for C1 and C2, respectively. There is a systematic
error less than 3 per cent. The red line was shifted upward by
factor of a hundred for clarity.
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